Anisotropy and temperature dependence upon the Young's Modulus of Ti-24 mol %Nb-3 mol %Al (TiNbAl), a new biomedical shape memory alloy, were characterized in the temperature range from 133 to 413 K by dynamic mechanical analysis in the tensile mode. The material consisted of -phase (the parent phase, bcc) at room temperature and a well developed f112gh110i type recrystallization texture was formed by a severe cold-rolling followed by a recrystallization heat-treatment. Test specimens were prepared from the textured material with the longitudinal direction of specimens being systematically varied within the ND-plane. Young's modulus was measured as a function of temperature along each loading direction. A large depression in Young's modulus was observed around -00 martensitic transformation temperature, below room temperature. The Young's moduli of the textured material exhibited anisotropy depending on the loading direction. Compliance anisotropy factor, J, and characteristic modulus S 11 of the -phase were calculated from the obtained results based upon the assumption that the texture was perfectly developed in the material. It was found that the Young's modulus of the -phase reaches a minimum value along h001i and a maximum value along h111i in the measured temperature range. A suitable texture to increase the total recovery strain in superelasticity and anisotropy of Young's modulus were discussed based on the obtained results.
Introduction
CP-Ti, Ti-6Al-4V and some Ti-based alloys are suitable biomaterials due to their superior corrosion resistance and biocompatibility as well as moderate mechanical properties. In some implant devices for the human body, such as stents, bone plates and intramedullary nails, these materials are required to have not only strength but also mechanical compliance with tissues as well as corrosion resistance and biocompatibility. [1] [2] [3] Materials for these devices are, therefore, required to have a low apparent elastic modulus that is comparable to that of the tissues. For an example, a bone implanted by an intramedullary nail with a higher Young's modulus causes atrophy due to stress-shielding by the rigid intramedullary nail.
4) The Young's modulus of human bone is around 20 GPa.
5) The Young's moduli of pure Ti (110 GPa) and conventional Ti-alloys such as Ti-6Al-4V (114 GPa) are, however, much higher. Ti-29Nb-13Ta-4.6Zr (mass %) (TiNbTaZr) alloy is one of the -Ti alloys with low Young's modulus (50 GPa) although it is still higher than that of bone. 6) Superelasticity is a vital property in implants such as stents and artificial bone. This is because a reversible strain of a few percent and an extremely low apparent elastic modulus appears during superelastic deformation.
7) The superelastic deformation is reversible due to a thermoelastic stressinduced martensitic transformation. 8) Ti-Ni is the shape memory alloy which is presently used in practical applications due to its superior superelasticity, shape memory effect and mechanical properties. Since Ti-Ni contains about 50 mol % of Ni the risk of an onset of Ni-hypersensitivity after implantation of Ti-Ni has been pointed out. The development of new biomedical superelastic alloys consisting of only non-toxic element, especially without Ni, has been strongly required.
It is well known that some -Ti alloys (bcc) have a martensitic transformation from to 0 (hcp) or 00 (C-centered orthorhombic). 9, 10) These alloys exhibit the shape memory effect and superelasticity due to the thermoelastic -00 martensitic transformation. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] -Ti alloys with -00 martensitic transformation are therefore regarded as candidate new biomedical shape memory alloys to replace Ti-Ni. We have systematically investigated shape memory and the superelasticity of Ti-Nb and Ti-Mo alloys with third elements belonging to the 13-and 14-groups in the periodic table. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] A general drawback of the -Ti based shape memory alloys is that the transformation strain, which is essentially determined by the lattice parameters of the parent and martensite phases, is generally smaller than that of Ti-Ni. The transformation strain can be increased by the control of the alloy composition in -Ti alloys. 22) The crystal structure of the thermoelastic 00 martensite however approaches the hcp structure of non-thermoelastic 0 -martensite. 22) The alloys with a non-thermoelastic martensitic transformation generally exhibit neither superelasticity nor a shape memory effect. There is therefore a limitation in the range of the transformation strain available in these -Ti alloys. A method to overcome this drawback is the utilization of orientation effects. We have found that a superelastic strain of more than 4.5% in tension appears along the rolling direction (RD) in Ti-24 mol %Nb-3 mol %Al (termed TiNbAl, hereafter) alloy with a well developed f112g h110i recrystallization texture. 17, 18) This is due to that the tensile component of the transformation strain is maximized along the RD k h110i .
17)
The total superelastic shape recovery strain is the sum of the elastic strain and the transformation strain. About a half of this superelastic strain is the elastic strain due to low Young's modulus in the TiNbAl alloy. 18) There elastic anisotropy of TiNbAl is therefore essential in considering the optimum textures to obtain a larger superelastic strain. Some conventional -Ti alloys have an anisotropy of elastic constants. Kuan et al. 23) reported that Ti-15 mol %V and Ti-19 mol %V alloy single crystals exhibit clear anisotropy in Young's modulus depending on the crystallographic orientations. There are, however, few studies concerning the anisotropy in Young's modulus of -Ti based shape memory alloys. The objectives of this study are to investigate anisotropy in Young's modulus of textured TiNbAl alloy and to estimate anisotropy in Young's modulus of the parent -phase.
Experimental Procedure

Preparation of material
TiNbAl alloy with a nominal composition of Ti-24 mol %Nb-3 mol %Al was prepared by Ar arc-melting method with a non-consumable W-electrode in Ar-1%H 2 atmosphere. High purity starting elements of Ti (99.99%), Nb (99.9%) and Al (99.99%) were used. An ingot of 30 g weight was produced. The change in weight due to arc-melting was less than 0.1 mass % and was therefore judged to be negligible, requiring no chemical analysis. It should be noted, however, that the oxygen content of similar ingots was 200-400 ppm by weight. The oxygen content of this ingot is therefore believed to be similar. The ingot was sealed into an evacuated quartz tube, homogenized at 1273 K for 7.2 ks and then quenched by breaking the quartz tube in water. It has been confirmed that the alloy consists of the -phase at room temperature (RT).
Cold-rolling with a reduction in thickness of 98.5% was carried out after homogenization. The final thickness of the as-rolled sheet was 0.15 mm. Rectangular specimens of 15 mm Â 1 mm Â 0:15 mm were cut from the as-rolled sheet. The longitudinal direction of the specimens was systematically varied within the plane of the as-rolled sheet (the NDplane). The angle between the longitudinal axis of the specimens and the rolling-direction (RD) was defined to be 0 and set to be 0, 30, 45, 60 or 90 degrees. The damaged layer introduced by cutting was removed by mechanical polishing. Specimens were encased in Ti-foil and sealed into evacuated quartz tubes, prior to solution-treatment at 1273 K for 1.8 ks and quenching into water. It has been confirmed that a well developed f112g h110i recrystallization texture with equiaxed grains is formed by the above thermomechanical treatment.
17)
Characterization of microstructures
Thin-foils for Transmission Electron Microscopy (TEM) observation were prepared by a twin-jet polishing technique in a solution of 5% sulfuric acid + 2% hydrofluoric acid + 93% methanol at 243 K. TEM observation was made using a Philips CM200 operated at 200 kV.
Electron backscatter pattern (EBSP) analysis was made to characterize the texture after solution-treatment using a HITACHI S-4300SE(N) scanning electron microscope equipped with a OXFORD INCA Crystal EBSP detector. An electron angle at 70 degrees was used with an acceleration voltage of 30 kV. Specimens for EBSP analysis were finished by electro-polishing in a solution of 6% perchloric acid + 35% buthanol + 59% methanol at 233 K. The specimen was heated above 373 K by a heat-gun to eliminate any martensite formed during electro-polishing. Surface of the specimens was removed by the electro-polishing at least 20 mm in depth. An area of 1:3 mm Â 1:0 mm was analyzed with a step size of about 2 mm.
Dynamic mechanical analysis (DMA)
Young's modulus and internal friction (IF, tan ) of the specimens were measured as a function of temperature using a dynamic mechanical analyzer (DMA) NETZSCH DMA242C in tensile mode. Liquid nitrogen was pumped into a specimen chamber with a thermocouple put in the vicinity of the specimen. The specimen was heated to 413 K and then cooled down to 133 K at a rate of 5 K/min. A sinusoidal dynamic tensile stress was applied to the specimen during cooling and the resultant displacement measured. Dynamic stress (' dy ) amplitudes of 5, 10, 20 or 30 MPa were applied. The static stress (mean stress) was set to ' st ¼ 1:3' dy with a minimum total-stress of 0:3' dy and a maximum of 2:3' dy . A dynamic stress frequency of 1 Hz was selected. The absolute value of the complex Young's modulus is simply termed 'Young's modulus' in this paper. The stiffness of the measurement system itself was measured in the temperature range in order to calibrate and correct the measured Young's modulus. The true value may, however, be about 10% higher than the corrected value due to limitations of the measurement system at true values higher than 70 GPa. IF (tan ) was calculated from the phase lag between the applied stress and the resultant strain. It is known that high damping occurs during the martensitic transformation. 7, 24) The martensitic transformation temperature was therefore detected by IF measurements.
Results and Discussion
Microstructures
Figure 1(a) shows a TEM bright field image of the material after solution treatment (zone axis 1 1 13 ). Few dislocations can be observed in the material and the recrystallization seems to have been completed. Figures 1(b) and (c) are a selected area diffraction pattern and a key diagram, respectively (zone axis 1 1 13 k 2 2113 ! ). It can be seen in the diffraction pattern that the -phase contained a small amount of omega phase (!). This !-phase was the athermal !-phase which is inevitably formed in Ti-Nb alloys, even after waterquenching from the -phase region. 25) However, no clear image of second phase particles was obtained in dark field observations using the diffuse diffraction spots from the athermal !-phase. The nature of black dots seen in the bright field image is unclear at present. No diffraction peak of the !-phase with a significant intensity was detected in -2 XRD measurements.
17) The !-phase has a crystal structure belonging to the hexagonal lattice. 25) It is known that a crystallographic orientation relationship, ð0001Þ ! k ð111Þ and ½11 2 20 ! k ½1 1 10 is held between the ! and the . There are four variants of ! and the selected area diffraction pattern in Fig. 1(b) shows two of four !-variants consistent with the above orientation relationship. The incident beam direction in Fig. 1(b) was not parallel to any low-indexed zone axis of the other two !-variants.
It is known that the !-phase has a higher Young's modulus 1598 T. Inamura, H. Hosoda, K. Wakashima and S. Miyazaki compared to the -phase. 25) The existence of the athermal !-phase should affect the Young's modulus of the material in this study. It is, however, almost impossible to completely eliminate the athermal ! in most of -Ti alloys, including the present one. The Young's modulus of -phase containing the athermal ! is termed simply 'Young's modulus of thephase', in this paper.
Figure 2(a) shows a pattern quality map of the specimen taken by the EBSP analysis. Grain boundaries are contrasted in black and grains are seen to be equiaxed in this image. The grain boundary was defined as a boundary with misorientation angle of more than 3 degrees. The number of identified grain was 1087 and an averaged grain size was 35 mm in Fig. 2(a) . It has been confirmed in an orientation analysis that a strong texture was developed in the material. Figure 2 (b) shows a pole figure constructed from 001 -poles of each grain. About 90.5% of the grains belong to the texture within 7 degrees of extraction in Fig. 2(b) . The observed texture was f112g h110i recrystallization texture as shown in Figure 3 . The f112g h110i recrystallization texture is composed of two variants of -phase (termed 1 and 2 ) as indicated by the filled and open symbols in Fig. 3 . All the huvwi directions lying within the ND-plane are common to the two variants of in the texture, as indicated in Fig. 3 . The observed f112g h110i recrystallization texture had a texture strength of 40.87 relative to a randomly oriented material in the pole figure. Similar results have been obtained by the Xray pole figure measurements in our previous study.
17 ) It was expected for the Young's modulus of the textured material to exhibit anisotropy reflecting the symmetry of the crystal, similar to a single crystal. Above M s , IF was at a background level (almost zero) when ' dy ¼ 10 MPa, reaching about 0.025 when ' dy ¼ 20 MPa. It has been deduced that a detectable amount of stress induced martensitic transformation and/or other anelastic deformation phenomena has occurred with a ' dy of higher than 20 MPa, even when the temperature of the specimen was higher than M s . In other loading directions, similar IF behavior was observed with a smaller IF than that observed in RD. This was due to a uniaxial tensile stress has an interaction with the normal component of the transformation strain along the loading direction as well as the tensile component of the transformation strain being maximized along RD in the present texture. 17) According to these results, the Young's modulus of the -phase was evaluated under a ' dy of 10 MPa in all the specimens. Figure 5 shows the temperature dependence of Young's moduli measured under ' dy of 10 MPa during cooling. The Young's moduli decreased with decreasing temperature to a minimum around M s . Below M s , the Young's moduli increased with decreasing temperature. The observed temperature dependence of Young's modulus along each loading direction is considered to be mainly due to the instability of and 00 -phase around the transformation temperature. The Young's modulus along the direction of 0 ¼ 45 degrees was the lowest in the range of temperatures employed in this study, as seen in Fig. 5 . The orientation dependence of Young's modulus is seen more clearly in Fig. 6 , which shows the orientation dependence of the measured Young's modulus at 403 K where the material is fully -phase and IF is at a background level. The Young's modulus along the transverse direction (TD, 0 ¼ 90 degrees) is about twice as that of 0 ¼ 45 degrees and the anisotropy in Young's modulus could be clearly observed. It was revealed that the Young's modulus of the rolled-sheet of TiNbAl alloy with a well developed f112g h110i recrystallization texture takes a minimum value around 0 ¼ 45 degrees when an uniaxial stress was applied along the directions lying within ND plane. As mentioned above, the material contained the athermal !-phase. The Young's moduli measured in this study must be affected by the presence of the, higher modulus, athermal !-phase. The crystals with a hexagonal lattice exhibit transverse isotropy in elastic constants. 26) In our case, there are four variants of ! and the elastic constants of ! are isotropic in f0001g ! k f111g . All four equivalent variants of athermal ! must be formed and dispersed in the specimens. The effect of the presence of the athermal !-phase on the anisotropy of Young's modulus was therefore judged to be negligible. The observed anisotropy of Young's modulus in the textured material is considered to be largely due to the anisotropy of the Young's modulus in the -and 00 -phases.
Estimation of characteristic modulus in -phase
Though it has been revealed that the Young's modulus reduces around 0 ¼ 45 degrees in the ND plane of f112g h110i recrystallization texture, it should be valuable to examine the orientation dependence of Young's modulus in a general form. For this purpose, the characteristic modulus of the -phase has been estimated. As seen in the results of EBSP measurements, the material has a strong texture of f112g h110i with a texture strength of 40.87 in the pole figure and more than 90.5% of the grains being within 7 degrees of the texture. Following analysis was therefore made based upon the assumption that the f112g h110i recrystallization texture was perfectly developed in the material. The specimens were therefore treated like single crystals of . Table 1 summarizes the corresponding directions of the longitudinal axis (huvwi , loading axis) of the specimens after solution-treatment, together with the orientation function, À huvwi , which is related to the crystal orientations by
where l, m and n are the direction cosines of the angle, formed by huvwi with the three edges of the cubic lattice. The characteristic compliances which are given in the coordinate system fixed on the three edges of the cubic lattice are termed S 11 , S 12 and S 44 , hereafter. The Young's modulus along huvwi in the cubic crystals can be expressed by the relation given by Nye.
27)
where E huvwi is the Young's modulus along huvwi and S huvwi is the inverse of E huvwi . The compliance anisotropy factor, J, is a function of the characteristic compliances and is expressed as
Substituting the measured Young's modulus and À huvwi for each loading direction into eq. (2), we generate ten sets of simultaneous equations which were then solved and averaged to produce values for S 11 and J. It should be noted that these calculations were for the -phase and the calculated moduli had poor physical meaning below M s due to unknown amounts of 00 -phase contained below M s . Figure 7 shows calculated E h100i and J as a function of temperature. An effective Young's modulus for the polycrystalline material with randomly oriented grains, E E, is also plotted in Fig. 7 and is discussed later. All calculated values of E h100i and J were converged within the range of the error bars drawn in Fig. 7 . Convergence of the calculated values became poor below M s due to the presence of 00 -martensite. This is due to calculation having been conducted for single phase despite the volume fraction and variant selection of 00 -martensites being different in each specimen.
17)
E h100i was 30 GPa at 413 K, decreasing with temperature below this value to a minimum of 22 GPa around M s . J was always positive in the temperature range employed, 0.03 (GPa) À1 at 403 K and increasing with a decrease in temperature to a maximum around M s . The material actually contained small amounts of grains away from the texture. The true anisotropy of -phase in this alloy must therefore be slightly higher than the value calculated in this study.
An effective Young's modulus for the polycrystalline material (cubic lattice) with randomly oriented grains, E E, can be estimated from S 11 and J. E E is arranged into a simple description by taking an averaged value of E in space as,
The Reuss approximation, in which uniform stress in the material is assumed, is used to obtain eq. (4). 26, 27) E E given by the Reuss approximation is the lower limit of the Young's modulus for polycrystalline materials. 26, 27) E E is plotted in Fig. 7 together with E h100i and J. It can be seen in Fig. 7 that E E is about 1.5 times higher than E h100i due to the anisotropy in elastic constants of this alloy.
E E was about 47 GPa at 403 K prior to decreasing with decreasing temperature. (E h100i ), compliance anisotropy factor (J) and Young's modulus of with randomly oriented grains ( E E).
One of the most valuable pieces of information obtained in this study is that J is positive at ambient temperatures in the alloy tested. Figure 8 is a contour-plot of the Young's modulus of at 403 K constructed from the obtained values of S 11 and J. As realized from eq. (2), positive J indicates that Young's modulus is minimized along h100i because À huvwi is always positive except for À h100i ¼ 0. It is also realized that the Young's modulus is maximized along h111i because the À huvwi is at a maximum at À h111i ¼ 1=3.
In previous studies, 17, 18) superelastic strain of 4.5% was obtained in the same alloy with f112g h110i recrystallization texture. TD corresponds to h111i along which relatively small transformation strain appears in the texture. According to the present study, it has been found that the highest value of Young's modulus is along h111i . Both the transformation strain and the elastic strain are therefore much smaller along h111i . This result is in good agreement with the superelastic properties of this material. 18) Though a large superelastic strain is available along RD, anisotropy in superelastic properties appears significantly in the f112g h110i recrystallization texture due to the intrinsic properties of thephase.
On the other hand, the rolling-texture of f001g h110i is formed in this alloy. 19) In this rolling texture, RD and TD are h110i along which the tensile component of the lattice deformation strain is maximized.
17) The transformation strain is minimized along 0 ¼ 45 degrees in the f001g h110i texture.
19) The ND-plane of f001g h110i texture includes h100i at 0 ¼ 45 degrees along which the Young's modulus reaches a minimum value. Elastic strain is therefore maximized at 0 ¼ 45 degrees (k h100i ) compensating for the decrease in transformation strain under a constant applied stress. The material with f001g h110i texture is deduced to have an advantage of a large recoverable tensile strain available in any direction lying within ND-plane, compared to the f112g h110i recrystallization texture. Table 2 summarizes the RT J, E h100i and E E of some metals and alloys for comparison with those of TiNbAl determined in this study. 6, 23, 28, 29) The values of E E were calculated from the listed E h100i (¼ 1=S 11 ) and J using eq. (4) (the Reuss approximation) except for experimental values of Ti-6Al-4V and TiNbTaZr (Ti-29Nb-13Ta-4.6Zr (mass %)) alloy.
Comparison with Young's moduli of other metals and Ti alloys
6)
E h100i and J of CuAlNi, a copper based shape memory alloy, were calculated from experimental results reported by Suezawa and Sumino 29) and those of Ti-15 mol %V alloy were calculated from results by Kuan et al. 23) It is seen that E h100i of TiNbAl is quite low with a high J compared to those of bcc transition metals and Ti-15 mol %V. E h100i and J of TiNbAl are seen to be close to those of CuAlNi. Polycrystalline TiNbTaZr alloy is one of the -Ti alloys presently known to have an extremely low Young's modulus.
E E of TiNbAl is lower than that of Ti-6Al-4V and is comparable to that of the low modulus, biomedical TiNbTaZr alloy.
It is not clear whether positive J is a common property of most of the -Ti alloys at present. The appearance of low modulus in some -Ti alloys is, however, supposed to be due to the instability of -phase toward 00 -or 0 -martensite, judging from the phase stability index diagram reported in ref. 6 . In fact, the TiNbTaZr alloy has a martensitic transformation from to 00 around or below RT. 30) Some -Ti alloys of low modulus, including the TiNbTaZr alloy, should have a large anisotropy in elastic constants similar to TiNbAl from this point of view. Attention should be paid to the kind and strength of textures to estimate Young's modulus and to design implant devices in this kind of -Ti alloy. It may also be possible to achieve a further lowering of the apparent modulus, close to the Young's modulus of human bone, by the formation of a suitable texture in these biomedical -Ti alloys.
Conclusions
Temperature dependence and anisotropy of Young's modulus of Ti-24 mol %Nb-3 mol %Al with a well developed f112g h110i recrystallization texture has been investigated in a temperature range of 133-413 K by dynamic mechanical analysis in a tensile mode.
In the textured material, Young's modulus is depressed around M s and exhibits anisotropy depending on the tensile Characteristic moduli of the -phase were estimated based upon the assumption that the texture was perfectly developed in the material. Young's modulus along h100i of -phase, E h100i , decreases with the temperature of the specimen above the transformation temperature. It was found that J is increased with decreasing temperature in the temperature range above M s and is always positive in the -phase single phase region. The lowest Young's modulus is along h100i and the highest is along h111i in the -phase of the alloy.
